Gate-Control of Spin Precession in Quantum Hall Edge States 
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Electrical control and detection of spin precession are experimentally demonstrated by using spin- 
resolved edge states in the integer quantum Hall regime. Spin precession is triggered at a corner of a 
biased metal gate, where electron orbital motion makes a sharp turn leading to a nonadiabatic change 
in the effective magnetic field via spin-orbit interaction. The phase of precession is controlled by the 
group velocity of edge-state electrons tuned by gate bias voltage: A spin-FET device is thus realized 
by all-electrical means, without invoking ferromagnetic material. The effect is also interpreted in 
terms of a Mach-Zehnder-type spin interferometer. 
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Electrical control of electron spin is a key element for 
realizing spin-based quantum information processing in 
solid-state devices. Spin-orbit interaction (SOI) has been 
exploited for manipulating single spins in quantum dots 
through alternating electric fields [l], Datta and Das 
proposed a novel framework for spin manipulation called 
spin-FET, in which spin precession of moving electrons 
in a ID system is controlled only by constant electric 
This approach provides a realistic scheme for 
building an electronic analogue of photonic quantum in- 
formation processing[5l-[lo| in solid-state systems: Quan- 
tum logic gates may be implemented in a coherent circuit 
by encoding flying qubits in the spin degree of freedom 
of ballistic electrons. 

Edge states in the quantum Hall regime is an ideal 
ID electron system for this purpose because of its large 
equilibration length|;ll, and long-range quantum me- 
chanical coherence [13]. Moreover, spin-polarized current 
can be selectively injected and detected by controlling 
gate bias conditions l4-|l6| without resort to ferromag- 
netic leads assumed in the original proposal of the spin- 
FET[3]. Indeed, control of spin precession in edge states 
has been theoretically discussed 17-2lj. but no experi- 
mental realization has been reported so far. 

In this Letter, we demonstrate all- electrical spin-FET- 
like control of spin precession in edge states. The key is a 
non-uniform arrangement of SOI-induced magnetic field 
£?so prepared in a tailored geometry of edge states (see 
Fig. QJb)). Spin-polarized edge states are quantized in 
the effective magnetic field B c g — Bgo + B with B being 
the external magnetic field. Incoming electrons in a spin 
eigenstate for B e s — Bi are guided to a corner of a biased 
metal gate, at which B e g changes to B p nonadiabatically 
because Bgo changes its direction along with the sharp 
turn of electron drift motion 22 , 23| . The spin state hence 
starts to evolve or precess around the axis of B p . The 
spin precession continues until the electrons arrive at the 
opposite corner of the gate, where the up- and down-spin 
branches are separated. The projection of their final state 
onto the up-spin eigenstate for B c g = B{ is read out by 
the Hall voltage. The phase of precession is determined 
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Figure 1. (Color online) (a) Optical microscope image of 
the device studied, together with a schematic of the exper- 
imental setup. Up- and down-spin edge states in the lowest 
Landau level are drawn in red and blue lines, respectively, 
(b) Schematic view of the region bounded by a white rectan- 
gle in (a), (c) Spin precession during the propagation along 
the side gate, (d) Schematic representation of an equivalent 
Mach-Zehnder-type spin interferometer. 



by the Larmor frequency and the group velocity, which 
can be experimentally controlled by B and the gate bias 
voltage, respectively. 

Devices were fabricated in GaAs/AlGaAs heterostruc- 
ture crystals I and Il[24||. Similar experimental results 
were obtained in the two, and only the results of crystal I 
will be described below for reasons of space. Figure QJa) 
shows the optical microscope image of the device with 
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Figure 2. (Color online) (a) Schematics of the device in Fig. [T] 
(left) and the control device (right), focusing on the region 
where two edge states encounter with each other, (b) T-^ 
against B (upper panel) and Vsg (lower panel). 
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Figure 3. (Color online) Two-dimensional plot of Tff on theB- 
Vg plane, (a) Experimental results obtained in the device of 
L — 10 /im. (b) Theoretical results derived from eq. (j2} with 
g = -2.9, Co = 0.92, Ci = 0.08 and <f) = 0. 



three cross gates (CGs 1-3) and two side gates (SGs 1 
and 2). The filling factor of Landau levels (LLs) in the 
bulk region is set to be v = 3.7-2.5 in magnetic fields 
of B = 2.7-4.0 T perpendicular to the 2D electron sys- 
tem at 100 mK. Only the spin-resolved edge states in 
the lowest LL are relevant to the experimental results 
because the edge states in higher LLs are completely de- 
coupled and grounded. Two regions defined by CGI, 
CG2, SGI (with length L = 5 /im) and by CG2, CG3, 
SG2 (L = 10 /iin) are studied separately. Figure [T{a) 
depicts edge-state trajectories with Vcgi = Vsgi = 
and VcG2, Vcg3> VsG2 < for studying the region of 
L = 10 /im. Electrons emitted from the source (drain) 
contact in the spin-up outer (spin-down inner) edge states 
are totally transmitted through (reflected at) CG2, bi- 
ased so that v g = 1 in the region below the gate. The 
transmitted electrons change the direction of motion at 
the left-hand corner of SG2 (Vsg < —0.4 V), start spin 
precession, and travel along the boundary of SG2 (see 
Fig. QJb) and Ela)). Reaching the right-hand corner 
of SG2, the electrons are partly transmitted (reflected) 
with probability Ty^ ( T-j-j, = 1 — Tf^), which is exper- 
imentally probed by = Vfj/Vg with Vw and Vjg be- 
ing the Hall and the source voltages [14l4l6j . The volt- 
age Vfj is studied via a lock-in technique by superpos- 
ing an ac component (V ac = 12.9 /iV at 130 Hz) to a 
dc background (V"d c = — 103/iV) in the source voltage 

(v a = v; c + Vdc)[3. 

The spin precession manifests itself as distinct oscilla- 



tions in against B, as displayed in the upper panel 
of Fig.^b). The oscillation is visible both in the 10 /inl- 
and the 5/im-long regions [24] . where the oscillation pe- 
riod for the latter is approximately twice as large as that 
for the former. The oscillation shows up also as a func- 
tion of Vsg at a fixed B (lower panel of Fig. [2jb)) . 

To make explicit the essential role of the side-gate cor- 
ners, a control experiment was made on another device 
shown in the right panel of Fig. HJa), where the sharp 
turn of electron motion is prevented at the left end of 
the SG region. The device is prepared with CGs and SG 
overlapping with each other by introducing an insulation 
layer in betweenfi^. The oscillatory behavior is com- 
pletely absent in the control experiment, as exemplified 
by the topmost line in Fig. HJb). This provides com- 
pelling evidence that the oscillation of is triggered 
by the nonadiabatic change of -Bso induced at the left 
corner of SG. In addition, the values of in the control 
device are close to unity (T^ « 0.99), being almost inde- 
pendent of B (and of Vsg though not shown here) . The 
nearly perfect transmission indicates macroscopic equili- 
bration lengths [Til £ eq ~ 300 /im ^ L in the present 
experiment, suggesting that the electrons are practically 
free from impurity-induced spin-flip scattering. 

Figure |3{a) displays a two-dimensional plot of 
Tff(B, Vsg) f° r L = 10 /im. The oscillatory pattern is 
visible in a wide range of B and Vsg such that B = 2.7- 
3.5 T and V S g = -0.6 — 1.2 V. Although the pattern is 
disturbed to some extent by irregular structures, general 
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trend of oscillation is evident and the overall feature is 
distinctly different from the well-known irregular struc- 
ture due to impurity- induced scattering [24|. 

For quantitative interpretation, we take into account 
two components of SOI in GaAs/AlGaAs heterostruc- 
tures; namely, Rashba and Dresselhaus terms j25j[. The 
two terms are of comparable strengths, and the Hamil- 
tonian of each is given by = a(j> y a x — p x cr y )/h 
and Hd = j3(p y a x + p x <r y )/h in the coordinate sys- 
tem of x || [110], y || [110], and z || [001]. Here 
Pi is the electron momentum and <Ji is the Pauli ma- 
trix (i = x, y, or z). These terms yield the effective 
magnetic field B so = (2a' p y / (g fi B h) , 2f3'p x /(gfi B h), 0), 
with g the effective g- factor (g < 0), /ib the Bohr mag- 
neton, a' = a + /3, and /?' = -a + /3 (\a'\ > |/3'|, 
P' < 0). This representation proves to be valid for edge 
states when p is replaced with mv g , where m and v g 
are the effective mass and the group velocity of edge- 
state electrons (22i |23| . In the device studied (Fig. QJb)), 
Bso changes from (0, Bsoi: 0) to (-BsOp, 0, 0) at the left- 
hand corner of SG where -Bsoi = 2/3'm|v g |/(g^Bfi-) and 
-SsOp = ^01' m\v g \ / (g pi^K) . The spinor of the incoming 
electrons is given by \i) = R x (— #i)|t) where \\) is the 
eigenstate of er 2 , Ri(9) is the rotation operator about 
the i-axis, and 0\ — arctan(_Bgoi/S). After turning the 
corner, the up- and the down-spin branches along the 
SG boundary are similarly given by |+) = R y {— #2)|T) 
and |— ) = R y (—8 2 )\l) with 8 2 = arctan(i?sop/-B)- 
Hence, the initial state \i) becomes a superposition 
a\+) + b\— ) at the corner where the direction of v g 
changes nonadiabaticallv[26j. In other words, coherent 
inter-edge state scattering is caused by the local elec- 

In 
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trie field at the gate corner via the SOI 
the control device, Bso = (Bso, 0, 0) is invariable with 
Bso = 2ct'm\v g \/(g(iBfi) along SG (Fig.[^a)) so that the 
spin state is kept unchanged. 

The up- and down-spin branches, |+) and |— ), are as- 
sociated with quasi-one-dimensional electron waves that 
propagate along the SG boundary (in the y-direction) 
with different wave numbers k± = —x±/£ B , where 
1-q = y H/ (eB) ~ 15 nm is the magnetic length. 
The wave functions of the edge states are given by 
fk±{x,y) = -^e^xoix - cc±)|±>[27], where X o(x - 
x±) oc exp(— (x — x±) 2 /2£ 2 i ) describes the cc-profile about 
the center coordinates x = x±. During the propaga- 
tion, the state evolves as \ip(y)} — ae tk+y \+) + be lk - y \—) 
(here the cc-profile xo is ignored). This yields the spin 
precession (i/}\a y \ip) oc cos(0(y) + 4>q) with the phase 
4>(y) = {k+ — k-)y as illustrated in Fig. QJc). Physi- 
cal implication of the phase is made explicit by rewriting 

<t>{y) as 



(t>{y) = w L y/>. 
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(1) 



where ojl = \<JL jL 'B,B\/h is the Larmor frequency and 
Jg] — (1/K) \gpL B B / Ak\ with Afc = fc_ — fc + . Equa- 



tion (fT|) indicates that the phase of precession is experi- 
mentally controlled by B through ul as well as by Vsg 
through \v g \. 

Similar coherent scattering takes place at the right- 
hand corner (y = L). The total transmission probabil- 
ity is given by the projection of \ip(L)) onto the "probed 
state", \f) = R x (+9i)\^) , in the up-spin branch of outgo- 
ing edge states: 



T n = \(f\4,(L))\ 2 = 
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The offset Co, the amplitude C\, and the phase offset 
</>o are constants determined by the scattering matrices 
Sl and Sr at the side-gate corners [2^. The phase of 
precession at y = L is hence detected from the oscillation 
in T-|~|-. 

By noting Afc = — Ax/£ B with Ace = cc_ — cc + , we can 
also express cf> as the Aharonov-Bohm phase 

4>{L) = 2iTBLAx/(h/e) , (3) 

determined by the number of magnetic flux quanta 
threading through the narrow stripe enclosed by the co- 
propagating edge states. This leads us to the equivalent 
interpretation in terms of the Mach-Zehnder type inter- 
ferometer (see Fig. [ljd)[13]), where Tff oscillates as a 
result of the interference of two paths between "beam 
splitters" represented by the scattering matrices Sl and 
Sr . This system thus serves as a spin filtering device 
based on the two-path interference [28|. 

Oscillations in T-m-(B) for different values of Vsg are 
analyzed with fast Fourier transform in a range of B = 



2.85-3.05 T[2J|, and the derived frequencies, AB , are 



plotted against Vsg m the inset of Fig. B|a) . This con- 
firms that AB^ 1 for L = 10 /im is nearly twice as large 
as that for L = 5 fim. The values of AS -1 are translated 
into those of Ace through eq. ([3]) as shown in Fig. B|a), 
which suggests that the spin-split inter-edge state dis- 
tance is Acc ~ 5nm (<§C ^b)- 

These values of Acc are consistent with a theoretical 
expression Ax « y/8\gfiBB\seo/ (ire 2 dn/ dx\ y=1 ) with 
e = 13[29]. Here the electron density profile near the 
edge n(x) is derived from an electrostatic model(13 and 
is plotted in Fig. HJb) for different values of Vsg- The- 
oretical values of Acc are indicated with different lines 
in Fig. H^a) for g = -1.4, -2.9, and -6.0. Reason- 
able agreement with the experiment is obtained with 
g = — 2.9 ± 0.1, which is consistent with the exchange- 
enhanced g- factor at v = 1, estimated to be g = — 2 — 7 
in earlier experiments[3ll. l32j. (Note that the enhanced 
g-factor includes the effect of SOIpj]].) 

Closer look at the experimental data in Figs.(3^a) and 
Ufa) indicates that AB tends to decrease with increasing 
B and decreasing Vsg (< —0.7V). These trends are also 
explained with a theoretically expected variation of Acc 
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Figure 4. (Color online) (a) Inter-edge state separation A:r 
against Vsg for L = 5 /an (red circles) and L = 10 /im 
(blue squares), derived from Ai? -1 values in the inset. 
Dashed, solid, and dash-dotted lines represent theoretical 
values derived for g = —1.4, —2.9, and —6.0. The in- 
set shows experimental values of AB _1 obtained from the 
oscillation in a range of B = 2.85-3.05 T. (b) Theoreti- 
cally expected electron density distribution n(x) for Vsg = 
—0.5, —0.6, • • • , — 1.2 V[30j]. Edge states are located at posi- 
tions where n(x) corresponds to v = 1, as indicated by the 
horizontal dashed line for B ~ 2.95 T. 



(or i/g): For instance, the profile of n{x) in Fig. @Jb) 
shows that the confining potential becomes less steep and 
Aa; increases as the edge states are pushed further away 
from the SG boundary with decreasing Vsg [13 • ^ i s this 
dependence that gives rise to the oscillation against Vsg 
shown in the lower panel of Fig. &h). 

Displayed in Fig^b) is a 2D plot of the theoretically 
predicted oscillatory pattern of Tff in a B-Vsq plane, 
which is derived from eq. ([2]) with g = —2.9, Co = 0.92, 
C\ = 0.08, and <j)Q = 0[26|. Equiphase lines substantially 
reproduce the overall feature of experimental oscillations 
in Fig. EJa). (The equiphase lines take broad maxima at 
Vsg ~ —0.7 V giving opposite slope on the side of Vsg > 
—0.7 V. This is consistent with the experiment and arises 
from the fact that the confining potential in Fig.rjjb) gets 
steeper as Vsg decreases for Vsg > — 0-7 V[3C|.) 

The experimental pattern in Fig. [3][a) suffers from ir- 
regular distortion. This is probably because long-range 
random potential affects the landscape of edge confining 
potential, giving rise to local fluctuations of Aa; or v 3 [24|. 
The area enclosed by the co-propagating trajectories of 
edge states, LAa;, or the phase 4>{L) of spin precession, 
hence fluctuates as B or Vsg varies. Such long-range 
potential fluctuation, however, does not cause inter-edge 



state scattering. 

We note in Fig. |3fa) that approaches unity and 
the amplitude of oscillation significantly diminishes as B 
increases beyond ~ 3.4 T. This implies that the scatter- 
ing probability at the SG corners decreases at higher B. 
This is readily interpreted by noting that the potential 
at the side-gate corners becomes smoother due to screen- 
ing by a wider compressible region of < v < 1 as B 
increases. The edge-state electrons in this regime adia- 
batically change their direction of motion in a smoothly 
curved potential without undergoing inter-edge state 
scattering (26|. The decrease of wave function overlap 
with increasing Zeeman splitting or decreasing £-q may 
also suppress the scattering, but this effect was confirmed 
to be insignificant in our separate experiments with tilted 
magnetic fields. 

The amplitude of oscillation corresponds to C\ ~ 0.04 
at B ~ 3 T in the experiment, which is smaller than but 
on the same order of the predicted value in the nonadia- 
batic limit [26]. This value is similar between the regions 
of L = 5 fim and 10 /mi (Fig. HJb)) and confirmed to 
be independent of temperature up to ~ 160 mK. These 
findings suggest that the visibility of the oscillation is re- 
stricted by S*l and Sr in eq. (fJJ) and the spin coherence 
length well exceeds 10 /im at 100 mK, which is noticeably 
larger than that of the orbital motion[13j. All-electrical 
coherent control of flying spins demonstrated in this work 
suggests that the edge states is a promising candidate for 
implementing flying spin qubits. 

In conclusion, electrical control of spin precession in 
edge states has been demonstrated by converting gate- 
bias-induced static electric fields into spatially varying 
effective magnetic fields through the SOI. The phase of 
spin precession is controlled by B (through the Larmor 
frequency) or by Vsg (through the group velocity of elec- 
trons) . We suggest an equivalent interpretation in terms 
of a Mach-Zehnder-type spin interferometer, in which 
the magnetic flux threading the area bounded by co- 
propagating spin-split edge states is controlled either by 
B or by LAx. A ferromagnet-free spin-FET device has 
thus been experimentally demonstrated. 
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